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We discuss a few tests of the ER=EPR proposal. We consider certain conceptual issues as well as explicit physical examples
that could be experimentally realized. In particular, we discuss the role of the Bell bounds, the large N limit, as well as the
consistency of certain theoretical assumptions underlying the ER=EPR proposal. As explicit tests of the ER=EPR proposal
we consider limits coming from the entropy-energy relation and certain limits coming from measurements of the speed of light
as well as measurements of effective weights of entangled states. We also discuss various caveats of such experimental tests of
the ER=EPR proposal.
PACS numbers:
I. INTRODUCTION
In a very interesting, intriguing and inspiring attempt to connect the geometry of space-time and fundamental
properties of quantum mechanics Maldacena and Susskind proposed the so-called ER=EPR conjecture [1]. It is
basically an assertion that two entangled [2], [3] quantum particles are also connected by a non-traversable wormhole
[4]. If this conjecture turns out to be true (see also [5]), it would indeed revolutionize the way we are thinking
about unifying quantum mechanics with gravity (see, for example, [6]). It is therefore very important to verify its
self-consistency and find a way to test it in the relevant experimental environment.
The ER=EPR conjecture has some immediate implications, and even concrete qualitative consequences and ap-
plications (see, for example, [7]). So far no quantitative predictions have been checked, even though there are some
count-examples[8] and some proposals[9, 10]. This is partially because there are still no concrete realizations of this
conjecture in terms of realistic physical systems. Nevertheless, we argue here that even the basic premises of the
ER=EPR conjecture allow us to to put very strong constraints that must be overcome in any realistic realizations of
this idea. In light of these constraints we also discuss various caveats regarding the proposed experimental tests of
the ER=EPR proposal.
II. THE ER=EPR SETUP
In this section we summarize the essential assumptions of the ER=EPR setup. The ER=EPR proposal was
essentially motivated by the picture [11] of eternal black holes in the context of the AdS/CFT dictionary [12], including
the following two key assumptions explicitly spelled out in [1]
1. Two entangled particles are connected by a wormhole
(We quote from page 2 in [1]:)
It is very tempting to think that any EPR correlated system is connected by some sort of ER bridge, although in
general the bridge may be a highly quantum object that is yet to be independently defined. Indeed, we speculate
that even the simple singlet state of two spins is connected by a (very quantum) bridge of this type.
2. If two particles are not maximally entangled, then a wormhole that connects them has two
disconnected horizons
(We quote from page 12 in [1]:)
2.6 Bridges for less than maximal entanglement
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FIG. 1: An entangled e+e− pair is created. There is an ER bridge connecting the particles.
In the Penrose diagrams we have discussed the Left and Right horizons touch each other.It is also possible to have
configurations where they do not touch each other. A simple way to generate them is to start from two eternal
black holes and add some matter to each side. These configurations can also be prepared by considering Euclidean
evolution with a time dependent Hamiltonian, see [22] for some explicit solutions. The Penrose diagram of such
configurations is given in figure 7 [1].
(We quote from the page 13 in [1]:)
Figure 7: Penrose diagram of a configuration obtained by analytic continuation of a time reflection symmetric,
but time dependent, Euclidean solution. The two horizons do not touch. The entanglement, computed by the
Ryu-Takayanagi prescription [23], is given by the area of a minimal surface with less area than the horizons.
The area of the horizons grows when we go from the bifurcation point to the future.
III. CONSISTENCY OF THE KEY ASSUMPTIONS OF THE ER=EPR PROPOSAL
A pair creation generates an entangled pair of particles, which according to EPR=ER proposal generates a wormhole.
It is then instructive to ask what happens to the wormhole when two particles that carry wormholes with them
annihilate.
We start with an observation that the two key assumptions 1 and 2 in the ER=EPR set-up are, apparently, not
always consistent with each other. Consider an e+e− pair, created in a maximally entangled state (Fig. 1). The
particles are connected by an ER bridge. Their spin state is
∼ |↑1↓2〉+ |↓1↑2〉 . (1)
Suppose now that two such e+e− pairs are created, each of them in a maximally entangled state described by Eq. (1),
as in Fig. 2. There are now two ER bridges present in the space. The wavefunction describing this configuration is
∼ (|↑1↓2〉+ |↓1↑2〉)(|↑3↓4〉+ |↓3↑4〉). (2)
Now, consider the following interaction
e+ + e− → H, (3)
whereH is the Standard Model Higgs boson or any other scalar field. In the context of our configuration, the particle 2
(a positron) may interact with the particle 3 (an electron) and create a Higgs in the middle. At the tree level, particles
2 and 3 must have opposite spins. The same spin state is suppressed and, therefore, the new state is approximately
∼ |↑1↓4 H〉+ |↓1↑4 H〉 . (4)
This implies that the particle 1 (an electron) and particle 4 (a positron) are almost in the maximally entangled
state. The wormhole bridge is not disconnected in this process - the two bridges just merge into one continuous
configuration with the Higgs particle in the middle (Fig. 3). Now this new wormhole has two disconnected horizons
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FIG. 2: Two entangled e+e− pairs are created. There are now two ER bridges present in the space.
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FIG. 3: A positron from one pair and an electron from the other interact in the middle and create a Higgs particle. The
electron and positron at the two ends must be almost maximally entangled. However, the two initial bridges are connected into
one continuous configuration with the Higgs in the middle, so the two horizons at the end do not touch. This is not consistent
with the assumption 2, which implies that the horizons must touch in a maximally entangled state.
at its ends, which according to the assumption 2 in the previous section implies that the final e+e− pair is not in
the maximally entangled state. This is apparently an inconsistent situation, which perhaps requires modifying or
sharpening the ER=EPR proposal. For example, it may happen that even maximally entangled states are connected
with an elongated wormhole in some cases [14].
IV. BELL’S BOUNDS, ER=EPR, AND THE LARGE N LIMIT
Another conceptual comment concerns the fundamental puzzle of (apparently) mismatched Bell bounds [3] in the
ER=EPR proposal. The quantum Bell bound of an EPR entangled state is of order of magnitude larger than the naive
classical Bell bound on the ER side of the correspondence. Of course, one might invoke the AdS/CFT correspondence
and, in particular, the large N limit, in which these two bounds might be comparable for the correct gauge invariant
observables, presumably because of large N factorization of the relevant correlators. This would suggest the need
for an AdS/CFT like correspondence and the appropriate large N limit that would make the ER=EPR proposal
operationally viable. (Another possibility is that, generically, the wormhole involved is strongly quantum, and thus
both sides of the ER=EPR relation would be saturating the quantum Bell bound.)
Let us now look at the large N limit [13] in a bit more technical detail by following [11]. In the context of AdS/CFT
the wavefunction for an EPR entangled pair can be written as (this is equation (2.10) in [11])
|Ψ〉 =
1√
Z(β, µ)
∑
n
e−
βEn
2
−
βµln
2 |En, ln〉1 |En, ln〉2 , (5)
or, equivalently, as equation (2.4) in [1]
|Ψ(t)〉 =
∑
n
e−
βEn
2 e−2iEnt |n¯, n〉 , (6)
(where n¯ is CPT conjugate of state n). According to the ER=EPR proposal, |Ψ〉’s entanglement entropy is the same
as the Bekenstein-Hawking entropy (We quote from the page 5 in [1]:)
The second interpretation of the eternal black hole is that it represents two black holes in disconnected spaces with a
common time [7, 8, 9, 10]. We will refer to the disconnected spaces as sheets. The degrees of freedom of the two sheets
do not interact but the black holes are highly entangled with an entanglement entropy equal to the Bekenstein-Hawking
entropy of either black hole. We say that these black holes are maximally entangled.
4The question is: can we calculate the Bell inequality for this state? In principle, one would have to find 3 or 4
measurable physical quantities, for example spin. This depends on what form of Bell inequality one is using. For
example, 3 parameters are needed for the original Bell inequality, and 4 for its CHSH version [3]. Second, in the
example discussed in the previous section the particles that comprise an entangled pair are stable, i.e. e+ and e−.
However, if we consider unstable particles, for example∣∣W+〉 ∣∣W−〉→ ∣∣µ+νµ〉 ∣∣e−ν¯e〉 , (7)
we need to be carefull when using equation (6). If the left hand side of the above process is maximally entangled, then
the product of this particular decay on the right hand side should be maximally entangled, but that situation cannot
be described by equation (6) because that equation assumes CPT conjugation, and the right hand side of the above
process violates that assumption. Therefore, it would be necessary to generalize equation (6) to include non-CPT
states.
V. TESTING ER=EPR: LIMITS FROM ENTROPY-ENERGY RELATION
A possible quantitative test of the ER=EPR conjecture might come from the assertion that the entanglement entropy
is given by the area of a minimal surface of the wormhole connecting two black holes in ER bridge. Entanglement
entropy of maximally entangled particles is equal to the Bekenstein-Hawking entropy of either black hole.
• (We quote from the page 20 in [1]:)
The cut through the Einstein-Rosen bridge defines a two dimensional surface whose area should not be smaller
than the entanglement entropy. Based on [23] we expect that the smallest area of such a cut is, in fact, the
entanglement entropy.
A. Entropy vs. Energy
The Bekenstein-Hawking entropy is
SBH =
kBc
3A
4GN~
, (8)
where A is the area of the cut through the Einstein-Rosen bridge. According to [1], this entropy must be lager than
the entanglement entropy between the electron and positron in a pair, ln(2)kB. The Schwarzschild radius associated
with the mass M is
Rg =
2GNM
c2
, (9)
which gives the area of the cut as A = 4piR2g. From Eq. (8), we obtain the ADM mass of the wormhole
M =
√
~c ln(2)
4piGN
= 5.11× 10−9kg = 2.87× 1027eV. (10)
Note that this value represents a minimal mass of the wormhole, since it does not account for its extended nature.
This value is much larger than a typical elementary particle pair’s mass, e.g. ∼ MeV for an e+e− pair. It
seems highly implausible that such a wormhole can be created as a consequence of entanglement. In fact, we can
immediately check that such a large wormhole energy grossly violates the existing data. For example, we can compare
the energy of two free particles with their energy in an entangled state. The measurements for positronium are
readily available. In its ground state, positronium is highly entangled. At the end of its lifetime, it decays to two
entangled photons. When the photons are detected, they disentangle immediately. The excess entanglement energy
(if present) should be released via gravitational and other channels when disentanglement happens (and perhaps used
to establish new entanglement). The best current measurement of the energy of two photons coming from positronium
annihilation is 2m0c
2 − 2.4keV < E1 + E2 < 2m0c
2 + 2.4keV [15, 16]. This is 24 orders of magnitude smaller than
the wormhole’s effective mass in Eq. (10). Though the actual nature and mechanism of generating a wormhole in the
ER=EPR conjecture is unknown, this enormous discrepancy in orders of magnitude severely complicates any concrete
realization, and thus, it puts a very strong constraint on the proposed ER=EPR relation.
The caveat here is that the relevant wormhole might be a very quantum object, in which case one should be careful
from drawing a strong conclusion from this example.
5B. Limits coming from the speed of light measurements
An entangled particle carries a wormhole with it while it propagates through space. Then the mass/energy of a
system wormhole+particle can be very different from the mass/energy of the host particle. If that particle is a photon,
a wormhole that is dragged along would introduce an effective mass to the photon (due to interactions) and reduce
its propagation speed. Therefore entangled photons must be slower than their disentangled cousins. The current
experimental uncertainty of the speed of light according to [17] is
∆c
c
< 3.5× 10−9. (11)
If an entangled photon’s energy is E, we can reasonably assume that the energy to generate a wormhole must be
lower than E. Assuming that the effect of the wormhole must fit within the experimental speed of light uncertainty,
the constraint in Eq. (11) can be translated into the constraint on the mass of the wormhole. Including the special
relativistic effects, the rest mass of a wormhole must be
M < E
√
1−
(c−∆c
c
)2
≈ E
√
2
∆c
c
≈ 4× 10−5E. (12)
If, for example, an entangled photon is created by an electron transitioning from one to another atomic state, its
energy in general is of the order of eV . This value puts a very stringent bound on the energy of the wormhole,
< 10−5eV . This is 32 orders of magnitude less than what is expected from the entanglement entropy-energy relation
we derived in Eq. (10).
We can avoid this bound by assuming that a wormhole does not follow its host particle. However, that would also
imply that the EPR-like entanglement is not addressed by introducing such a wormhole.
C. The weight of an entangled state
If an entangled pair of particles actually hosts a wormhole of mass M , then the gravitational acceleration around
this pair should be of the order of
a ≈
GM
r2
. (13)
This means that the force between the Earth and this entangled pair is of the order
F ≈
GMME
r2
, (14)
where ME is the Earth’s mass. For M = 4.06× 10
27eV from Eq. (10), this pair’s weight is ≈ 7.23× 10−9kg near the
Earth’s surface. This value is close to the test mass 1.4µg used in the tests of Newton’s force at short distance [18].
If we replace the gold rectangular prism in this experimental setup with an entangled pair, then we should be able
to directly test gravitational force generated by the wormhole. This experiment could be performed in the very near
future.
(Note that one might argue that the use of the above classical formula for the gravitational acceleration is not
appropriate, and that this situation corresponds to the presence of a highly quantum wormhole, in which case one
would have to use a highly non-trivial quantum analog of the above classical formula, which, at present, is not known.
This is one of the caveats listed in the next section. Nevertheless, the use of the classical formula for the gravitational
acceleration does give us a feel for the numbers involved in this experimental set-up, and it does sharpen our physical
understanding of the ER=EPR proposal.)
Alternatively, if we have electrons in an ion in the entangled state, for example Li+, we can directly test its mass
with a mass-spectrometer. One Li+ ion is enough, because if two electrons are in the ground state, their spins
must be entangled.The current mass-spectrometer precision reaches ∆m
m
∼ 10−6 [19]. For a Li+, this translates into
∆m = 5× 10−27kg or 3keV . This is, again, many orders of magnitude smaller than the estimated wormhole energy
needed for ER=EPR to work. This is already an underestimation, given a specific method the mass resolution may
achieve 10−9 to 10−12[20, 21]. Thus, a much stringent constraint could be applied to this situation.
Finally, we can collect a large amount of entangled particle pairs. For example, two electrons in the 4He ground
state must be an entangled spin up and spin down pair. If they are connected by a wormhole, then their weight will
significantly increase. 4He ground state atoms are, in principle, very easy to collect. For example, 109 entangled
4He electrons will weigh 7.23 kg on Earth. This effect is virtually impossible to be missed in condensed matter
experiments. Therefore, once again, we end up with a very strong constraint on the ER=EPR set-up, which leads us
to a summary of various caveats.
6VI. CAVEATS: ADS/CFT AND ER=EPR
How are we to interpret the above strong constraints of the ER=EPR proposal? In this section we list some obvious
caveats to our discussion. The ER=EPR proposal was really motivated by the picture of eternal black holes [11] in
the context of the AdS/CFT dictionary [12] . In that context (and, in particular, the relation between eternal black
holes in an asymptotically AdS3 and the entangled boundary CFT s) it is intuitively very natural to expect that
an entangled EPR-state of two boundary CFTs is represented geometrically by the Penrose diagram of an eternal
black hole, which by definition, includes the ER bridge. Thus, from this point of view the ER=EPR proposal should
naturally follow from the AdS/CFT correspondence. In all of the experimental tests presented in this letter one has
physical realizations that are highly non-trivial from the point of view of the AdS/CFT correspondence. Indeed, in
the above proposed experiments the wormhole configuration must be a highly non-trivial quantum object, in order
for the ER=EPR correspondence to make sense. This is the main caveat to our discussion of the ER=EPR proposal.
Another, more concrete way to evade these strong constraints, is to postulate that a fixed background geometry
where our quantum particles are propagating might not be the same spacetime where the wormhole exists. For
example, this may be realized in a variant of the so-called brane world models [22–26]. Such a setup would be more
in the spirit of the GR=QM proposal [27] (a far reaching extension of the ER=EPR correspondence) where quantum
entanglement directly corresponds to classical geometry.
In our discussion, we took the ER=EPR proposal at face value, which might be an oversimplification. Nevertheless,
we think that the above experimental set-ups will help sharpen our understanding of this fascinating conjecture.
At the moment the ER=EPR proposal really makes sense in the context of AdS/CFT, as a reformulation of the
description of eternal black holes in the 3 dimensional AdS bulk in terms of two entangled 2 dimensional CFTs. One
might generalize this picture in any number of dimensions and outside of the AdS background as suggested by the
ER=EPR proposal. As we have indicated in previous sections, the latter seems to be hard to implement empirically.
However, we could examine ER=EPR in a higher dimensional AdS example.
Take the example of Wilson loop observables in 4d CFT as discussed in the classic papers [28]. In that case the large
N factorization property seems to be crucial in order to make sense of the ER=EPR proposal, and in particular the
matching of the Bell bounds on both sides of the correspondence (as already alluded to previously). How about the
large N corrections to this leading result? According to the ER=EPR proposal the quantum entanglement of heavy
quarks degrees of freedom (at finite temperature) should correspond to the appearance of a “wormhole” correction in
the bulk. The question is: can this work in detail?
Note that the entanglement of quantum degrees of freedom should be studied in the boundary CFT at finite temper-
ature, because that corresponds to the presence of a black hole in the bulk AdS space. The cleanest higher dimensional
case would involve quantum degrees of freedom in thermal N=4 SYM in 4d and the black hole background in AdS5.
This case comes closest to the real world of finite temperature QCD [29] and as such it could be used for a precise
characterization of a “quantum wormhole” that seems to be necessary in order to apply the ER=EPR empirically. For
example, entanglement entropy has been studied in this context in [30]. In principle, one could study entanglement
of a quark-anti-quark pair in the context of N=4 SYM theory using the tools of the AdS/CFT correspondence, and
then reformulate the result in terms of a generically non-trivial “quantum wormhole” configuration in the AdS bulk.
This seems to realize the spirit of the ER=EPR proposal in a physical situation that is very close to the real world.
(And there is evidence for this in the existent literature [31].) However, a detailed quantitative discussion of such a
physical situation goes well beyond the scope of our present paper.
VII. CONCLUSION
In this paper we have discussed a few tests of the ER=EPR proposal. We have concentrated our presentation on
certain conceptual issues as well as explicit physical examples that could be experimentally realized. In particular,
we have discussed the role of the Bell bounds, the large N limit, as well as the consistency of certain theoretical
assumptions underlying the ER=EPR proposal. As explicit tests of the ER=EPR proposal, we have considered limits
coming from the entropy-energy relation and certain limits coming from the measurements of the speed of light and the
measurement of an effective weight of entangled states. The central take-home message of this letter is that the basic
assumptions of the ER=EPR proposal allow us to to put very strong constraints that must be overcome in any realistic
realizations of this very interesting idea. We note that the above phenomenological tests of the ER=EPR conjecture
could be, in principle, extended to the Planck scale, where the natural length scales in the ER=EPR proposal (the
gravitational and the Compton scale, respectively) are both of the order of the Planck scale, and then such a relation
could in principle pass various experimental constrains, but that situation would destroy most of its observational
effectiveness. Nevertheless, the fundamental importance of non-locality (as exemplified by non-traversable wormholes
featuring in the ER=EPR proposal) that is consistent with causality, is an essential message of quantum mechanics
7with fundamental implications for quantum field theory, string theory and quantum gravity (as pointed out and
explored in [32]), with observable effects that should be systematically investigated.
Acknowledgments
We thank V. Balasubramanian, R. G. Leigh, O. Parrikar, J. Simon for discussions. We also thank J. Maldacena
and L. Susskind for email correspondence. Special thanks to O. Parrikar, J. Simon and J. Maldacena for comments
on a draft of this paper. D.C Dai is supported by the National Natural Science Foundation of China (Grant No.
11775140). D. M. is supported in part by the US Department of Energy (under grant DE-SC0020262) and by the
Julian Schwinger Foundation. D.S. is partially supported by the US National Science Foundation, under Grant No.
PHY-1820738 and PHY-2014021.
[1] J. Maldacena and L. Susskind, Fortsch. Phys. 61, 781 (2013). (All quotations are from [arXiv:1306.0533 [hep-th]].)
[2] A. Einstein, B. Podolsky, N. Rosen, Phys. Rev. 47 777 (1935); N. Bohr, Phys. Rev. 48 696 (1935); E. Schro¨dinger, Math.
Proc. of the Cambridge Phil. Soc. 31 (4): 555 (1935); 32 (3) 446 (1935); D. Bohm, Quantum Theory, Prentice-Hall, 1951;
D. Bohm and Y. Aharonov, Phys. Rev. 108 1070 (1957); For a recent illuminating account of entanglement, especially in
the context of quantum field theory, consult E. Witten, Rev. Mod. Phys. 90, no. 4, 045003 (2018) and references therein.
[3] See, J. S. Bell, Physics Physique Fizika 1, 195 (1964); Speakable And Unspeakable In Quantum Mechanics. Collected Papers
On Quantum Philosophy, Cambridge, UK: Univ. Pr. (1987); J. F. Clauser, M. A. Horne, A. Shimony and R. A. Holt,
Phys. Rev. Lett. 23, 880 (1969); S. J. Freedman and J. F. Clauser, Phys. Rev. Lett. 28, 938 (1972); J. F. Clauser and
M. A. Horne, Phys. Rev. D 10, 526 (1974); A. Aspect, P. Grangier and G. Roger, Phys. Rev. Lett. 47, 460 (1981); Phys.
Rev. Lett. 49, 91 (1982); A. Aspect, J. Dalibard and G. Roger, Phys. Rev. Lett. 49, 1804 (1982); B. S. Cirelson, Lett.
Math. Phys. 4, 93 (1980); L. J. Landau, Phys. Lett. A 120, 54 (1987); S. J. Summers and R. Werner, Commun. Math.
Phys. 110, 247 (1987); J. Math. Phys. 28, 2440 (1987); Y. Aharonov and D. Rohrlich, Quantum Paradoxes: Quantum
Theory for the Perplexed, Wiley-VCH, 2005; L. N. Chang, Z. Lewis, D. Minic, T. Takeuchi and C. H. Tze, Adv. High
Energy Phys. 2011, 593423 (2011), and references therein.
[4] The literature on wormholes is vast. For some basic references consult, for example, A. Einstein and N. Rosen, Phys.
Rev. 48, 73 (1935); J. A. Wheeler, Phys. Rev. 97, 511 (1955); J. A. Wheeler, Geometrodynamics, Academic, New York,
1962; M. S. Morris and K. S. Thorne, Am. J. Phys. 56, 395 (1988); M. S. Morris, K. S. Thorne and U. Yurtsever, Phys.
Rev. Lett. 61, 1446 (1988); M. Visser, Lorentzian Wormholes: From Einstein to Hawking, AIP Press, New York, 1995;
J. Maldacena, D. Stanford and Z. Yang, Fortsch. Phys. 65, no. 5, 1700034 (2017); P. Gao, D. L. Jafferis and A. C. Wall,
JHEP 1712, 151 (2017); D. C. Dai, D. Minic and D. Stojkovic, Phys. Rev. D 98, no. 12, 124026 (2018); D. C. Dai and
D. Stojkovic, Phys. Rev. D 100, no. 8, 083513 (2019), and references therein.
[5] In P. R. Holland’s book, Quantum Theory of Motion, (Cambridge 1995), a connection between ER and EPR has been
suggested in the context of the de-Broglie-Bohm interpretation of quantum theory.
[6] Consult, for example, M. Van Raamsdonk, Gen. Rel. Grav. 42, 2323 (2010) [Int. J. Mod. Phys. D 19, 2429 (2010)];
T. Faulkner, M. Guica, T. Hartman, R. C. Myers and M. Van Raamsdonk, JHEP 1403, 051 (2014), and references
therein.
[7] Consult, for example, A. R. Brown et al., “QuantumGravity in the Lab: Teleportation by Size and Traversable Wormholes,”
arXiv:1911.06314 [quant-ph]; A. Almheiri, T. Hartman, J. Maldacena, E. Shaghoulian and A. Tajdini, “Replica Wormholes
and the Entropy of Hawking Radiation,” arXiv:1911.12333 [hep-th], and references therein.
[8] P. Chen, C. H. Wu and D. h. Yeom, JCAP 1706, 040 (2017).
[9] J. W. Chen, S. Sun and Y. L. Zhang, Phys. Lett. B 791, 73 (2019).
[10] J. W. Chen, S. H. Dai, D. Maity, S. Sun and Y. L. Zhang, Phys. Rev. D 99, no. 2, 023507 (2019).
[11] J. M. Maldacena, JHEP 0304, 021 (2003).
[12] J. M. Maldacena, Int. J. Theor. Phys. 38, 1113 (1999) [Adv. Theor. Math. Phys. 2, 231 (1998)]; S. S. Gubser, I. R. Klebanov
and A. M. Polyakov, Phys. Lett. B 428, 105 (1998); E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998).
[13] See, for example, the recent discussion in S. Terashima, “Classical Limit of Large N Gauge Theories with Conformal
Symmetry,” arXiv:1907.05419 [hep-th], and references therein. Another way of looking at AdS/CFT is as an example of
“a quantum Jarzynski equality on the space of geometrized RG flows”, as discussed in D. Minic and M. Pleimling, Phys.
Lett. B 700, 277 (2011) and N. Gray, D. Minic and M. Pleimling, Int. J. Mod. Phys. A 28, 1330009 (2013).
[14] S. H. Shenker and D. Stanford, JHEP 1412, 046 (2014).
[15] Lynn, K. G., MacDonald, J. R., Boie, R. A., et al. Phys. Rev. Lett. 38, 241 (1977).
[16] Asoka-Kumar, P., Alatalo, M., Ghosh, V. J., et al. Phys. Rev. Lett. 77, 2097 (1996).
[17] Evenson, K. M., Wells, J. S., Petersen, F. R., et al. Phys. Rev. Lett. 29, 1346 (1972).
[18] J. Chiaverini, S. J. Smullin, A. A. Geraci, D. M. Weld and A. Kapitulnik, Phys. Rev. Lett. 90, 151101 (2003).
[19] A.G. Marshall, C.L. Hendrickson, G.S. Jackson, . Mass Spectrom. Rev. 17 (1): 135 (1998).
8[20] M. Brodeur, T. Brunner, C. Champagne, S. Ettenauer, M. Smith, A. Lapierre, R. Ringle, V. L. Ryjkov, G. Audi, P.
Delheij, D. Lunney, and J. Dilling1, Phys. Rev. C 80, 044318 (2009).
[21] E.G. Myers, A. Wagner, H. Kracke, and B.A. Wesson Phys. Rev. Lett. 114, 013003 (2015).
[22] N. Arkani-Hamed, S. Dimopoulos and G. R. Dvali, Phys. Lett. B 429, 263 (1998).
[23] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 4690 (1999).
[24] G. D. Starkman, D. Stojkovic and M. Trodden, Phys. Rev. D 63, 103511 (2001).
[25] G. D. Starkman, D. Stojkovic and M. Trodden, Phys. Rev. Lett. 87, 231303 (2001).
[26] G. F. Giudice and M. McCullough, JHEP 1702, 036 (2017).
[27] L. Susskind, “Dear Qubitzers, GR=QM,” arXiv:1708.03040 [hep-th].
[28] J. M. Maldacena, Phys. Rev. Lett. 80, 4859-4862 (1998); S.-J. Rey and J.-T. Yee, Eur.Phys.J. C 22 (2001) 379.
[29] G. Policastro, D. T. Son and A. O. Starinets, Phys. Rev. Lett. 87, 081601 (2001); P. Kovtun, D. T. Son and A. O. Starinets,
Phys. Rev. Lett. 94, 111601 (2005).
[30] A. Lewkowycz and J. Maldacena, JHEP 05, 025 (2014).
[31] K. Jensen and A. Karch, Phys. Rev. Lett. 111, no.21, 211602 (2013).
[32] L. Freidel, R. G. Leigh and D. Minic, Phys. Lett. B 730, 302 (2014); Int. J. Mod. Phys. D 23, no. 12, 1442006 (2014);
JHEP 1506, 006 (2015) Int. J. Mod. Phys. D 24, no. 12, 1544028 (2015); Phys. Rev. D 94, no. 10, 104052 (2016); J. Phys.
Conf. Ser. 804, no. 1, 012032 (2017); JHEP 1709, 060 (2017) Phys. Rev. D 96, no. 6, 066003 (2017); Int. J. Mod. Phys.
A 34, no. 28, 1941004 (2019); L. Freidel, J. Kowalski-Glikman, R. G. Leigh and D. Minic, Phys. Rev. D 99, no. 6, 066011
(2019).
